This paper surveys fluid dynamic-acoustic mechanisms that may explain low-frequent, broadband hull excitation experienced on board of ships and caused by propeller cavitation. Observations obtained from sea trials and model scale experiments are used to describe the hydrodynamics involved in each particular mechanism. The investigations are still ongoing and aim to identify causes of broadband inboard noise and vibration on passenger vessels in the frequency range of 20 to 70 Hz.
INTRODUCTION
Implosions of cavities on or in the vicinity of ship propeller blades cause pressure fluctuations which excite the hull structure above the propeller. Because these pressure fluctuations are largely in phase over the aft body surface, cavitation is very effective in generating inboard noise and vibration. This is in contrast with the fluctuating pressure field induced by the passing blades themselves, which shows large phase differences over the hull.
During the last decades cavitation-induced hull pressure forces have been reduced considerably, leading to strongly reduced inboard noise and vibration levels at harmonics of the blade passage frequency (BPF). Hull form designers have achieved this by making the propeller inflow more uniform as in the case of the pulling pod propeller shown in Figure 1 .
Propeller designers have made much progress by adapting the radial loading distribution and geometry of the blade sections. In general, the tendency has been to apply skewed blades and to increase the tip loading in order to reduce sheet cavitation. Hence, the reduction in the level of pressure fluctuations at orders of BPF was mainly obtained by a significant reduction of the sheet cavity dynamics; the dominant factor in the generation of pressure pulses being the acceleration of the cavity volume.
As a rule of thumb a value of about 8 kPa for hull pressure amplitude at BPF was often used as indication of vibration risk for single screw ships. Nowadays, practical values for single screw ships are closer to 4 kPa, while for twin screw passenger vessels, amplitudes of less than 2 kPa are the rule rather than the exception. Unfortunately, an opposing trend of increasing, lowfrequent, broadband hull pressure fluctuations is also witnessed (Brubakk [12] ). Broadband noise and vibration occur whenever the spectral content of the excitation forces is distributed over a certain frequency range (here usually within a range of 20 to 70 Hz). Recently, this trend has received a lot of attention as the ship's aft body structure is likely to be excited at resonance in the range of broadband excitation frequencies mentioned. Such resonant vibrations cause annoyance in public spaces that are located in the vicinity of the propeller, despite the low magnitude of the excitation forces involved.
As a result of the mentioned changes in propeller design philosophy, many modern propellers predominantly show leading edge or tip vortex cavitation. Therefore, it is conjectured that the latter form of cavitation must be the cause of broadband excitation (see Friesch and Carlton interviewed in Ref. [16] ). This for the simple reason that there are often no other forms of cavitation present and that the broadband noise and vibration ceases to exist in non-cavitating conditions. However, not every propeller showing tip vortex cavitation generates broadband excitation.
There is no clear understanding of the physical mechanisms underlying this type of broadband excitation. The lack of theoretical models has led to the development of statistical methods to relate tip vortex noise to propeller characteristics (Raestad [14] , Berghult [15] ). At MARIN, detailed model scale studies were made where high-speed video images and hull pressure data were synchronized. Unfortunately such studies have not yet been reported for ship scale.
The present paper describes some aspects of the hydrodynamic and acoustic mechanisms involving tip vortex cavitation that may be responsible for low-frequent, broadband hull excitation. First, we discuss the general character of the pressure signals as measured on the ship hull surface. Then, two acoustic noise source mechanisms are proposed. Next, based on sea trial observations and supported by observations from model experiments several hydrodynamic phenomena are described that can be responsible for triggering the acoustic mechanisms. The schematic below clarifies our approach ('A', 'B' and 'C' refer to the respective sections).
The authors plan to further investigate the mechanisms in more detail in the near future through full scale high-speed video recordings and synchronized hull pressure fluctuations measurements.
HULL PRESSURE SIGNAL CHARACTERISTICS (A)
It is a well-known fact that acoustic sources producing spectra consisting of a series of harmonically related tonal components are repetitive in nature. The ship's propeller with its set of identical blades positioned at constant angular intervals on the hub is expected to produce cavitation phenomena that are repetitive at BPF. However, this is only true when the ship's wake field is constant in time. Turbulent ship wake fluctuations introduce non-periodicities, which have a 'smearing' effect on the tonal components in the spectrum. This 'leakage' to sidebands may become as strong as to suggest a purely broadband spectrum, especially at higher orders of BPF. Therefore, it is sometimes suggested that what is called broadband excitation here, is in fact best regarded as a disturbed version of a tonal spectrum. Bark [1] explains how amplitude and frequency modulation of pressure pulses can cause such effects in the spectrum.
Although this may often appear the case, there are cases known where the broadband acoustic power is concentrated in between harmonics of the BPF. In those cases it seems difficult to reconcile this fact with the assumptions underlying the spectral leakage effect. A typical example of a hull pressure amplitude spectrum is seen in Figure 2 .
A tendency has been observed that the spectral content shifts to lower frequencies with increasing amount of cavitation, e.g. when the propeller loading increases. This behavior was found both on ship and model scale propellers. However, there is no clear relation found with the harmonics of BPF. The notion of broadband noise as being completely random in nature is not confirmed when time traces are studied. It seems that bursts of energy in the frequency range of interest cause a deceptively tonal 'ringing' effect superimposed on the tonal components at BPFs. Such a phenomenon has been observed several times in time traces of pressure signals measured with flush mounted pressure transducers on board of passenger vessels (see Figure 3 ). 
CANDIDATE NOISE SOURCE MECHANISMS (B)
In searching for acoustic source mechanisms capable of producing broadband pressure fluctuations it is assumed that they involve the dynamics of the interface of two fluid phases of significantly different acoustic impedance. It is obvious how sheet cavity dynamic action generates noise by the sheet's volume acceleration. The question we seek to answer is how cavitating tip vortices can achieve the same. In this section two candidate mechanisms are presented, both involving cavity volume accelerations.
Recently, the importance of cavity volume accelerations was highlighted through synchronized high-speed video and hull pressure fluctuation measurements on model scale by an international working group within Marin's Cooperative Research Ships (CRS) initiative.
Hydrodynamic phenomena (C)
Acoustic source mechanisms (B)
Analysis of hull pressure signals (A)

Acceleration of vortex cavity surface without collapse
If a tip vortex cavity surface exhibits accelerations the resulting volume changes cause pressure fluctuations. Thus, no collapsing cavities are necessary to generate noise and vibration. The actual cavity deformation may have several causes which are discussed in the next section. The deformation can manifest itself in different ways including through the resonant cavity surface waves discovered by Kelvin. Due to the presence of such resonant waves the cavitating line vortex also acts as an efficient wave scatterer according to Ffowcs Williams [3] .
The frequencies of the temporal oscillations of the Kelvin waves are proportional to the tangential velocity at the core and to the inverse of the core diameter (Morozov [11] ), from which it follows that the resonance frequency must be proportional to the cavitation number and to the inverse of the vortex circulation (or propeller blade tip loading). In model experiments these resonance frequencies have been identified in measurements of radiated noise by Briançon-Marjollet [8] for a cavitating tip vortex generated by a foil. Also the singing of a tip vortex cavity measured by Arndt [9] is likely to be related with standing waves on the cavity core.
A rough estimate of the smallest resonance frequency of a cavitating propeller tip vortex shows that it may well be in the frequency range of the broadband pressure fluctuations investigated here. Any variation of vortex strength will lead to variations of the resonance frequency. Especially when the cavitating core diameter varies significantly a broadband pressure spectrum is expected. The resonance frequencies may explain the ringing phenomenon observed in time traces of pressure signals caused by cavitating tip vortices (Figure 3 ).
Vortex cavity collapse
Implosion of the vortex cavity is probably the most effective noise generator as it is accompanied by very high accelerations. The collapse of tip vortex cavities (often termed 'bursting', but not to be confused with its aerodynamic namesake) was investigated by English [13] , and recently by Konno [2] using model scale experiments. Konno reported broadband excitation pressures in the frequency range above the 7 th blade rate component, which is on the upper bound of the frequency range considered here.
HYDRODYNAMICS OF TIP VORTICES RELEVANT TO NOISE PRODUCTION (C)
A cavitating tip vortex in its most simple form is just a tube of vapor of approximately constant diameter as shown in Figure 4 (left). When it is assumed that around the tip vortex no significant velocities are present in the direction of the vortex axis, a 2D model such as the Rankine vortex may be used as a reasonable representation. The vorticity in the tip vortex originates from the flow around the blade tip due to the loading difference between face and back and increases in magnitude during the roll-up of the trailing vortex sheet, which emanates from the trailing edge of the blade. Taking this vortex sheet roll-up into account, other, more complicated radial vorticity distributions than Rankine's are possible (see Kuiper [4] ). In these vortex models the pressure in the core of the vortex is computed from the circumferential velocity components and is directly related to the vortex strength (or circulation
strength and cavitation number. This relation suggest that downstream of the blade the core diameter will increase due to the roll-up of vorticity, something which is not observed in experiments. In Ref. [17] Kuiper showed that the diameter has a tendency to slowly decrease, which shows that other, probably viscosity-related parameters are of importance.
In the following we describe several hydrodynamic phenomena which influence the dynamics of the cavitating vortex. Typically, for a propeller operating in a ship wake field several phenomena are related and occur simultaneously which makes the interpretation of the cavitating vortex dynamics particularly complex. 
Generation of cavitating tip vortex
The cavitating leading edge or tip vortex cavity varies in diameter while being generated due to changes in tip loading as the propeller traverses the ship's wake peak. Thus, pressure pulses at blade rate tonals are generated by the acceleration and deceleration of the cavitating core in much the same way as in sheet cavitation. As tip vortex cavitation is susceptible to non-periodic inflow variations or turbulence a smearing effect of the pressure spectra around the BPF components may occur as discussed earlier. The presence of any broadband excitation not centered around a BPF component cannot be explained by this mechanism.
Cavitating tip vortex oscillations
The cavitating tip vortex, as shown in Figure 4 (left), is a gross simplification of the tip vortex structure which occurs on a propeller behind a ship. The observed tubular cavity is very sensitive to perturbations (see Rijsbergen [5] ). It is interesting to note that high-speed video observations of a seemingly stable, cylindrical, cavitating vortex show break-ups and even local cloud formation ( Figure 5 ). The perturbations in this figure are imposed by small, environmental disturbances to which the cavity surface is very sensitive. Keller [7] related the observed surface instabilities to standing Kelvin waves on the cavity core surface ending in a hydraulic jump.
On a cavitating tip vortex in the flow behind a ship Kelvin waves may also occur and cause the typical ringing effect in the pressure signal, mentioned earlier. Unfortunately, two attempts by the authors to observe this effect on ship scale using high-speed video have failed due to insufficient water clarity. Model scale observations performed in sync with hull pressure measurements have shown the ringing effect in conjunction with a tip vortex cavity and without showing any of the other phenomena described in this paper. However, these data are not available for publication. Dedicated experiments will have to be performed on ship scale to collect prove of this hypothesis. Other periodical variations have been observed on model scale propeller tip vortices (Figure 4 , see nodules on the right) and have been considered as causes for hull excitation (Weitendorf [6] ). The nodules seem to move with the propeller blade which triggers the thought that they are caused by cavity surface instabilities. Close inspection of some of these surface waves shows that the cavitating core is no longer cylindrical, but has a ribbon type shape. Due to the rotation of the 'ribbon' there appear to be nodes, but in reality the cavity volume is not changing. Therefore, from an acoustic point of view the cavity acts as a displacement source.
Formation of ring vortices
The ship's wake field is characterized by spatial and temporal velocity variations. The cavitating tip vortex is convected by this wake field. The spatial wake velocity variations are typically rather smooth and so will be any resulting spatial deformation of the vortex. The interaction of the cavitating vortex with temporal velocity variations (turbulence) is a subject that has received only little attention in literature. Miyazaki [10] presents a theoretical analysis in which it is shown that turbulent eddies, as they are wrapped around a cavitating vortex, become like vortex rings which move parallel to the vortex. Evidence for this phenomenon may be found in Figure 6 (scale model) and Figure 7 (ship).
An alternative explanation is that it is not the turbulent eddies which form the vortex rings, but the shed vorticity of the propeller blade which is parallel to the trailing edge in case of strongly increasing or decreasing blade loading. The roll-up of the tip vortex wraps these vortices around the tip vortex and stretches them, thereby reducing their core pressure. It is important to remember that the direction of rotation of these vortices is opposite for increasing and decreasing blade loading. When the blade loading decreases the trailing vortices that are wrapped around the tip vortex a directed such that they induce a velocity component along the tip vortex away from the blade tip. Inversely, when the blade loading increases the induced axial velocity along the tip vortex line is directed towards the blade tip (see Figure 7) . 
Figure 7. Leading edge and tip vortex cavitation including ring vortices (courtesy LR).
When cavitating more profusely the vortex rings can also cause the 'regular' disturbance of the tip vortex surface as seen in Figure 8 . The structure of the tip vortex in the wake peak shows a very strong tapered shape, which is typical of such a condition. The tapered shape was also seen on a propeller generating broadband noise on a passenger vessel (Figure 9 ). In this case the twin screw ship had a strong transverse wake field which, in combination with a shaft shadow, caused a narrow region of increased blade loading. Ring vortices are probably not directly related to one of the noise mechanisms described earlier, but may influence the cavitating vortex deformation and lead to Kelvin waves on the cavitating core as shown by Miyazaki [10] . Furthermore, the ring vortices may be related to the bursting of the cavitating vortex as discussed in the next section.
Bursting of cavitating tip vortex
In general, vortex bursting is associated with the disintegration of the vortex and rapid dissipation of vorticity. However, in the case of a cavitating tip vortex a cavitating core remains downstream of the burst (Figure 10 ). The exact mechanism for cavitating vortex bursting is not clear. Stability analyses of Kelvin resonance waves, discussed before, provide some insights into parameters affecting the stability, but a generally accepted model is not available. It is therefore not clear if bursting is related to intrinsic (cavitating) vortex instability such as in vortex breakdown or with other phenomena.
One explanation of vortex bursting is obtained from observations on a container ship with a high-speed video camera, made in the context of the EU project 'Erocav'. Container ships are characterized by their sharp wake peak, caused by a pram type flat aft body and a relatively thin skeg supporting the propeller shaft. The observed tip vortex cavity exhibited strong bursting in the wake region ( Figure 10 ). When observing the implosion closely two things are noticed. First, the formation of the cloud occurs downstream of the trailing edge of the cavity. Second, the cloud formation seems to be due to colliding axial velocities along the cavitating tip vortex core. The collision often occurs downstream of the propeller's trailing edge. Possibly, the ring vortices around the tip vortex, discussed above, generate an axial flow along the vortex core. With increasing blade loading this axial velocity is directed towards the blade tip and with decreasing loading away from it. A collision occurs at the location of maximum loading, thus creating radial velocities resulting in a cloud. Because the pressure in the cloud is no longer very low the cloud almost certainly consists of small gas bubbles in local pressure equilibrium.
A recent confirmation of an implosion is found on another high-speed video observation of a container ship. Here, the velocity along the tip vortex is less well visible ( Figure 11 ). It shows more clearly that the cloud formation occurs at some distance behind the tip. The link between vortex bursting, cloud formation and broadband noise is unclear. It is probable that the cloud moves with the flow without any strong oscillations. Nevertheless, the pressures radiated when the tip vortex bursts may act as a significant source of noise. However, on the container ships for which we have data available no broadband noise was found of the type investigated here. English [13] presents a spectrum of a single screw vessel showing vortex bursting. In this case some broadband energy around the second harmonic was found, but may have been caused by the 'smearing' effect.
Distortion of tip vortex cavity due to sheet cavity implosion
In general, a tip vortex cavity occurs connected to a sheet cavity. In the simplest situation of Figure 12 the sheet connects to the tip vortex through a thickened part of the sheet at the tip. Even when this cavity is fluctuating due to the ship's wake this will probably only strengthen the BPF components. However, when the sheet cavity is imploding the connection between sheet and tip vortex cavities becomes more complex and high-speed video observations are required to reveal their interaction. A sheet cavity which is receding towards the tip generates a re-entrant flow underneath the cavity in radial direction. This re-entrant flow becomes very strong when the cavity is rapidly collapsing. This flow can destroy the tip vortex flow by piercing straight through the cavitating tip vortex, thereby causing a shattered tip vortex with remnants of cavitation and a very irregular shape (observed in Figure 11 ).
When the sheet retracts towards the leading edge in the tip region the re-entrant jet becomes aligned with the tip. This may result in the formation of a vortex of which the core is formed by sheet cavity remnants. The intersection with the tip vortex may lead to what can be interpreted as a bursting of either the tip vortex or the vortex coming from the sheet and will result in cloud formation as observed in Figure 10 . Therefore, this may be regarded as an alternative explanation to the one given in the previous section.
Vortex-vortex interaction
Skewed propellers often show leading edge vortex cavitation in addition to or instead of sheet cavitation. This may lead to two cavitating vortex cores behind the blade as observed in Figure 7 . These vortices are co-rotating and will therefore merge after a short time. At decreased propeller loadings a cavitating leading edge vortex may arise starting from the face of the propeller leading to counter-rotating vortices. Both types of vortex-vortex interaction lead to deformations of the cavitating core. The relation with broadband noise production, if existing, is yet unknown.
Tip vortex-appendix interaction
A phenomenon which occurs further downstream of the propeller is the interaction between the cavitating tip vortex and downstream located surfaces such as for instance a rudder (Brubakk [12] ) or a strut in case of a pulling pod propeller. This leads to implosions which may excite the forward part of the rudder (see Figure 8) . The latter may then transfer noise and vibration to the aft body.
CONCLUDING REMARKS
In this paper two acoustic mechanisms are discussed which may be related to the broadband spectral content of propeller induced hull pressure fluctuations found on passenger vessels in the range of about 20 to 70 Hz. The first mechanism concerns cavity vortex deformations without cavity collapse which may be associated with the presence of Kelvin waves on the cavity surface. Such waves can cause the 'ringing' effect observed in pressure time signals. Several hydrodynamic phenomena are discussed which can excite these vortex deformations. However, due to lack of clear observations obtained in sea trials the dynamics of this acoustic mechanism could not be confirmed.
The second acoustic mechanism concerns the actual vortex cavity collapse. This may be caused by several hydrodynamic phenomena such as 'bursting'. Although, at least some of the vessels on which a vortex cavity collapse was observed did not show broadband spectral content in the frequency range considered here, the mechanism should not be discarded as it may show its effect e.g. at higher frequencies or in joint time-frequency analyses.
The presented survey may help in the analysis of available data and guide the future collection of model scale and ship sea trial data, which should consist of simultaneously recorded high-speed video observations and hull pressure fluctuations. Such measurement techniques in combination with detailed analysis of pressure time series are considered mandatory for obtaining a proper understanding of the fluid dynamic-acoustic mechanisms that are at the root of propeller induced broadband hull excitation.
